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When HA epitope-tagged and untagged Sendai virus (SeV) P proteins are coexpressed and the products reacted with
anti-HA, the untagged P protein is also selected because this protein is found as an oligomer. The oligomer was determined
to be a homotrimer by coselection studies in which increasing amounts of untagged versus tagged protein were coexpressed,
and these findings were extended to mumps virus, a member of the rubulavirus genus. The region of the SeV protein
responsible for the oligomerization was localized to residues 344–411. Computer analysis of the 13 Paramyxovirus P
proteins in the database revealed that all but one are predicted to form coiled coils in this region, the first of only two
regions that can be aligned throughout the entire virus subfamily. The predicted coiled-coil region of the measles virus P
protein, when grafted onto the C-terminus of the normally monomeric La protein, led to the efficient oligomerization of this
reporter protein. The predicted coiled-coil region of these P proteins thus appears to be sufficient for oligomerization.
q 1995 Academic Press, Inc.
Paramyxoviruses are enveloped animal viruses which Sendai virus (SeV) gene, for example, expresses a nested
set of four C proteins from an ORF which overlaps thecontain nonsegmented negative-strand RNA genomes,
and together with Rhabdoviruses and Filoviruses form N-terminus of the P ORF (in the /1 phase), via ribosomal
choice during translational initiation (Curran and Kolakof-the superfamily Mononegaloviridae. In general, para-
myxovirus genomes contain six genes: M (matrix); F (fu- sky, 1990). There is also a V ORF which overlaps the
middle of the P ORF (in the 01 phase), and this is ex-sion); HN (hemagglutinin –neuraminidase), whose prod-
ucts form the viral envelope and are involved in getting pressed as a fusion protein due to the programmed inser-
tion of G residues during mRNA synthesis (cotranscrip-the virus into and out of cells; NP (nucleocapsid protein);
P (phosphoprotein); and L (large), which form the viral tional editing) (Kolakofsky et al., 1993). This shifts the
reading frame at codon 308 (Fig. 1), and the N-terminalnucleocapsids and are involved in expressing and repli-
cating the minus-strand genome. These genomes are half of SeV P is thus also found in two other viral proteins
called V and W (Thomas et al., 1988; Vidal et al., 1990). Vfound as helical nucleocapsids (assembled with NP) and
are the templates for mRNA synthesis and genome repli- contains a highly conserved, cysteine-rich domain which
can bind Zn2/ (Liston and Breidis, 1994; Paterson et al.,cation. The NP:RNA nucleocapsids are composed of 96%
NP protein by weight and are remarkably stable struc- 1995) fused to codon 308, and W represents the N-termi-
nal half alone, as only 2 aa are fused to codon 308tures. They remain highly active after banding in CsCl
density gradients, and the RNA within this structure re- here. Despite this plethora of P gene products, only the
P protein itself (which forms a polymerase complex withmains resistant to RNase attack at any salt concentration,
even though the helical coil (as viewed in the EM) dra- L (Hamaguchi et al., 1983)) is required for mRNA synthe-
sis with NP:RNA templates; the V, W, and C proteinsmatically unwinds as the ionic strength is increased
(Heggeness et al., 1980). Upon infection, holo-nucleocap- appear to act as negative regulators of transcription and
replication (Curran et al., 1991, 1992). Genome replica-sids, which also contain ca. 50 L and 300 P proteins
(Lamb et al., 1976), enter the cytoplasm and carry out tion, however, requires the additional expression of NP
(Curran et al., 1991; Horikami et al., 1992), consistentmRNA synthesis. Upon accumulation of the viral transla-
tion products, the same nucleocapsids are used as tem- with the notion that this process (unlike that of mRNA
synthesis) is coupled to the concurrent assembly of theplates for genome replication, via the synthesis of anti-
genome nucleocapsids (reviewed in Lamb and Kolakof- nascent chain (Vidal and Kolakofsky, 1989). Unassem-
bled NP (NP0), moreover, functions as a P–NP0 complex,sky, 1996).
All paramyxovirus P genes express proteins from at as only NP which has been coexpressed with P in vivo
can function in genome replication in vitro, and this activ-least two (and in most cases all three) ORFs which over-
lap, thus expanding the repertoire of viral proteins. The ity correlates with P–NP0 complex formation and the pre-
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the end of each gene to form the mRNA poly(A) tails and
adds one (SeV and measles virus), two (SV5 and mumps
virus), or one to six Gs (PIV3) to a short G run to edit the
P gene mRNAs (Kolakofsky et al., 1993). The NP:RNA
template is presumed to be the same for both modes of
RNA synthesis. Each NP subunit of the SeV template
is known to be associated with precisely 6 nucleotides
(Egelman et al., 1989) and only genomes which are a
precise multiple of 6 are replicated efficiently (Calain and
FIG. 1. Schematic representation of the SeV P protein. The P protein Roux, 1993). The regular association of each NP subunit
(568 residues long) is shown as a rectangle. The various domains with 6 nt of the genome is thought to impose a hexameridentified from this and previous work (as described in the text) are
phase on the template, which conditions the ability ofindicated by boxes which are shaded. Residues 33–41 are required
the polymerase to initiate. This rule of six implies thatfor chaperoning NP0 during the nascent chain assembly step of genome
replication, and preventing the illegitimate assembly of NP. Two blocks the catalytic L subunit of the polymerase interacts with
within the C-terminal half (aa 344–411 and 479–568, segments A and the template bases in the context of the assembled NP
C) are involved in binding to NP:RNA. Segment A is required for trimeri- subunits (at least during the initiation of genome synthe-zation, and only trimers bind to NP:RNA. Residues 412–445 represent
sis). Since the P protein binds to these subunits, it pre-the L protein binding site. The bold arrow above indicates the site at
sumably plays a central role in determining how the poly-which the alternate C-terminal ORFs of the V and W proteins are fused
in place by mRNA editing. merase operates during its alternate modes of RNA syn-
thesis. This paper reports that P (but not V/W) is found
as a homotrimer, presumably due to the formation of
vention of the illegitimate self-assembly of NP, i.e., inde- coiled coils.
pendent of genome synthesis (Horikami et al., 1992; Cur-
ran et al., 1993, 1995). P therefore plays a dual role in MATERIALS AND METHODS
viral gene expression, acting as an essential component
Construction of subclonesof the polymerase with L and as a chaperone to deliver
NP0 to the nascent chain during genome replication.
The cloning of P/C wt, V/C, and W/C has been pre-In line with this dual role for P, the domains specific
viously described in Curran et al. (1994, and referencesfor RNA synthesis and nascent chain assembly map to
therein). Many of the P mutants were constructed in adifferent regions of the polypeptide, i.e., the C- and N-
background in which the P protein was N-terminallyterminal halves, respectively. For example, a region
tagged with the influenza virus HA1 epitope (Field et al.,within the C-terminal half of P (aa 412–445, see Fig. 1),
1988). The construction of this tagged P clone (pGEM-PHA1)defined by deletion analysis as being required for stable
and the deletion mutant series used in this study arebinding to L (Curran et al., 1994; Smallwood et al., 1994),
described in Curran et al., (1994, 1995). The La gene ofwas found to be necessary for the RNA synthesis step
Xenopus laevis (Scherly et al., 1993) was N-terminallyof replication (together with L), but not for the nascent
tagged with the HA1 epitope by first creating a NcoI sitechain assembly step (together with NP). Regions on both
at the initiating AUG (..CCAUGG..), which was then usedsides of the L binding site are also required for P binding
to insert an NcoI cassette containing the tag sequenceto nucleocapsids (Ryan and Portner, 1990; Ryan et al.,
(see Curran et al., 1994). The La–MeV fusion construct1991, 1993). On the other hand, a region at the N-terminal
was generated by the insertion of a blunted KpnI/BamHI
end of P (aa 33–41), which was identified because it
fragment of the measles P/C gene (encoding amino acids
was required for genome replication as a whole but not
291–380 of the P protein) into a blunted PstI site of the
for mRNA synthesis (Curran et al., 1994), is required for
La gene, thereby deleting the 12 C-terminal amino acids
the nascent chain assembly step of replication (together
of the 427-aa-long La protein.
with NP) but not for the RNA synthesis step (Curran et
al., 1995). The function of P in nascent chain assembly
Transfection, radiolabeling, and immunoprecipitation
as a chaperone for unassembled NP thus seems clear,
but its function in RNA synthesis has remained enig- Five-centimeter HeLa cell monolayers were infected
matic. with 2 to 5 PFU/cell of a vaccinia virus recombinant ex-
A general feature of mononegalovirus polymerases is pressing T7 RNA polymerase (vTF7-3, Fuerst et al., 1986).
that they copy their nucleocapsid templates in two At 1 hr postinfection, infecting medium was replaced with
modes. During transcription or mRNA synthesis, they a transfection mix composed of 1 ml of modified Eagle
stop and restart at each of the gene junctions, whereas medium (MEM), plasmid DNA (for quantities see text),
during replication (to generate antigenomes), they ignore and 10 ml of TransfectACE (Rose et al., 1991). After 3 hr
the junctional signals. During transcription, the polymer- at 337 a further 2 ml of MEM was added per plate and
incubation continued at 337. At 24 hpi, cells were pulsease also reiteratively copies a short run of U residues at
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labeled for between 3 and 4 hr with 100 mCi/ml of Tran-
35S-label (NEN) in methionine-free medium. Cells were
solubilized in 200 ml of lysis buffer (150 mM NaCl, 50
mM Tris (pH 7.4), 10 mM EDTA, 0.6% NP-40) containing
1 mM DTT, after which nuclei were removed by pelleting
at 12,000 g for 5 min. Generally, between 50 and 100 ml
of the cytoplasmic extract was used for immunoprecipita-
tion. Immune complexes were recovered with protein A–
Sepharose. Beads were washed three times with lysis
buffer containing 1 mM DTT and selected proteins were
analyzed by SDS–PAGE.
FIG. 2. Immune coselection of HA-tagged and untagged SeV P proteins.Glycerol gradient analysis of in vivo Influenza virus HA epitope-tagged SeV Pwt(1-568) (HAP) and untagged PD1-77
expressed proteins (PD) were expressed by tranfection in vTF-3-infected HeLa cells and
labeled with Tran-35S-label. The amount of each plasmid transfected (mi-Cytoplasmic extracts were prepared as described in crograms per dish) is indicated above each panel. Cytoplasmic extracts
Curran et al. (1995). Briefly, 5-cm HeLa cell monolayers were prepared at 48 hpi/t, and the P proteins precipitated with monoclonal
were infected with vTF7-3 and transfected with plasmid antibodies specific to the C-terminus of P or the HA-tag, as indicated
below. The immunoprecipitate was resolved by SDS–PAGE, and the ratioDNA as outlined above. At 24 hr postinfection, the mono-
of PD1-77 to HAP (D/HA) in the immunoselected products was determinedlayers were rinsed once with ice-cold phosphate-buf-
in a PhosphorImager and is shown in B and C.fered saline (PBS) before incubation on ice with 1 ml of
buffer A (5% sucrose, 80 mM KCl, 35 mM HEPES (N-2-
proteins, and kinesins. The statistical data and perfor-hydroxyethylpiperazine-N*-2-ethanesulfonic acid, pH
mance are described in a documentation file that accom-7.4), 5 mM K2PO4 (pH 7.4), 5 mM MgCl2 , 0.5 mM CaCl2 )
panies the program.containing 250 mg/ml of lysolecithin (Sigma). Buffer A
was removed, the cells were scraped into 200 ml of RM
RESULTSsalts (100 mM HEPES (pH 8.5), 150 mM NH4Cl, 4.5 mM
MgAc, 1 mM DTT (dithiothreitol)), and the cell mem- The SeV P protein is a homotrimer in transfected
branes were disrupted by pipetting up and down 20 cell extracts
times. Nuclei and cell debris were removed by spinning
An N-terminally HA-tagged P protein (HAP) was engi-at 12,000 g for 5 min at 47. Extracts were layered onto
neered by changing the unusual C* protein ACCACGGlinear 5 to 20% glycerol gradients prepared in RM salts
initiation site to ACCAUGG (to create a unique NcoI site,and containing a 100-ml cushion of 100% glycerol. Gradi-
and an optimal context for ribosomal initiation) and in-ents were centrifuged in an SW60 rotor at 40,000 rpm
serting an influenza HA cassette here fused to the entirefor 22 hr at 47. Gradient fractions (400 ml) were collected
P ORF (see Materials and Methods). This tagged P pro-from the bottom of the tube, and 15-ml aliquots were
tein appeared to be fully active in both transcription andanalyzed by Western ELISA using the chemiluminescent
genome replication (Curran et al., 1994). While examiningsubstrate AMPPD (Boehringer).
various deleted forms of tagged and untagged P for their
activity in RNA synthesis, we noticed that P had the ca-Antibodies
pacity to multimerize. For example, when HAP
wt(1-568) and
A monoclonal antibody to an epitope of the influenza P78-568 (listed as PD in Fig. 2) are expressed in separate
virus HA1 protein, called 12CA5 (Field et al., 1988), was cultures and their extracts combined, anti-HA only se-
obtained from the Berkeley Antibody Co. (Berkely, CA) lects the tagged protein (Fig. 2A), indicating that it does
and is referred to as anti-HA. The monoclonal antibody not cross-react with the P protein sequences. When the
against Sendai P (P1.180) was kindly provided by Claes proteins are coexpressed, however, the antibody now
Oervell (Stockholm, Sweden). The antibody used to im- selects both proteins (Fig. 2A). The ability of anti-HA to
munoprecipitate mumps P protein (P-k) is an SV5 P select the untagged protein depended on the latter’s
monoclonal which cross-reacts with both mumps virus coexpression with a tagged P protein. Simply mixing ex-
P and V proteins (Southern et al., 1991). tracts from cultures in which the proteins were expressed
separately, or incubating these extracts in the presence
Computer predictions
or absence of Mg2/–ATP, did not lead to coselection
(cf. Fig. 4, and not shown). Similarly, coselection of theCoiled-coil propensities were scored with the program
COILS2 (obtainable by anonymous ftp from the VMS/ untagged protein made in reticulocyte lysates depended
on its cotranslation with the tagged form (not shown).COILS folder at FTP.BIOCHEM.MPG.DE) using a scoring
matrix derived from the coiled-coil segments in tropomy- These results suggest that the P protein multimerizes
rapidly and that the mutimers are stable.osins, myosins, all intermediate filaments, desmosomal
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Trimerization of the SeV P protein was previously noted
by Markwell and Fox (1980), who examined the virion
proteins by two-dimensional SDS–PAGE. To examine the
oligomer state of P in our transfected cell extracts, we
coexpressed the untagged protein in as large an excess
over the tagged protein as possible and then determined
how much of the untagged relative to the tagged protein
could be selected by the anti-tag antibody. As shown in
Fig. 2B, transfection by a 25- and 50-fold excess of
pGEM-P78-568 over pGEM-HAP led to a 7- and 15-fold ex-
cess of P78-568 in the extract, respectively, as determined
by selection with an antibody (P 1.180) which reacts with
the common C-terminus of both proteins (Orvell and
Grandien, 1982; Vidal et al., 1988). This underrepresenta-
tion of the untagged protein relative to its expected
mRNA level is probably due to the very strong ribosomal
start site of the tagged protein (Curran and Kolakofsky, FIG. 3. Immune coselection of HA-tagged and untagged mumps virus
1990). Despite the 7- and 15-fold excesses, however, P proteins. Different amounts of HA-tagged (HA) and untagged mumps
virus (MuV) P proteins expression plasmids (indicated above in mg/dish)only precisely twice as much untagged as tagged protein
were cotransfected into HeLa cells, which were then labeled with Tran-was selected by anti-HA in both extracts (Fig. 2C). On
35S-label. The expressed P proteins were recovered by immune (co)selec-the average, therefore, each HAP is complexed with two tion with either anti-P or anti-HA as indicated and separated by SDS–
P78-568, and P also appears to be a homotrimer in our PAGE, and their amounts determined in a PhosphorImager. The ratios of
transfected cell extracts. the untagged to tagged proteins in each case are shown below.
The above epitope dilution approach was used to ex-
amine whether trimerization of the P protein was a more
general property of the Paramyxovirinae. The P protein coexpressed with their tagged homologues, nor was
there any evidence that V/W and P could form mixedof mumps virus (MuV) was chosen for this purpose. MuV
is a member of the rubulavirus genus whose P genes, in multimers by this test (Fig. 4). A deleted P protein con-
taining aa 325–568, on the other hand, could do bothcontrast to those of the parainfluenza and morbilliviruses,
code directly for a V rather than a P protein, and do (Fig. 4, and data not shown). The site(s) required for
oligomerization then map to the C-terminal 40% of thenot contain an overlapping C ORF (Thomas et al., 1988;
Paterson and Lamb, 1990). The MuV P protein was coex- chain.
This region of P is known to contain two noncontigu-pressed in both a tagged and untagged form (see Materi-
als and Methods), again with the untagged form in as ous segments (A and C, defined by restriction sites)
which are necessary and sufficient for binding to virallarge an excess as possible. As shown in Fig. 3, cotrans-
fection with a 10- to 50-fold excess of the plasmid for nucleocapsids (Ryan and Portner, 1990; Ryan et al.,
1991). We introduced a unique MluI site in the middle ofthe untagged form led only to a 3.7- to 8.8-fold excess
of the untagged protein, as determined by selection with the intervening segment B (at aa 445) and used this site
and the others to generate a series of deletion mutantsa P-specific mAb (Southern et al., 1991). When the same
extracts were selected with anti-HA (Fig. 3, bottom), how- of segments A, B, and C. As shown in Fig. 4, P1-538,
P1-445, and PD412-479 could still multimerize by our test,ever, roughly two (1.6 to 1.8) untagged proteins were
coselected per HAP, independently of the original ex- whereas P
D344-411 (missing segment A) could not, and this
refines the map to the 67 residues of segment A. Furthercesses of the untagged protein in the mixtures. The MuV
P protein thus also appears to be a homo-trimer when attempts to refine the oligomerization domain by subdi-
viding it in mutants A1 (D344-373) and A2 (D374-411)expressed in animal cells, and trimerization of the P pro-
tein appears to be a general property of this virus sub- produced the unexpected result that both could still
multimerize (Fig. 4B). This suggests that there are re-family.
gions in both aa 344–373 and aa 374–411 that can oligo-
merize P. In all the cases we examined, oligomerizationLocalization of the trimerization site
required coexpression of the tagged and untagged forms
of P (Figs. 4B and 4C, and not shown).Due to cotranscriptional editing of the P gene mRNA,
the N-terminal 308 aa of the SeV P protein are also found We further characterized the oligomerization state of
the P protein by sedimentation on glycerol gradients.in the viral V and W proteins. We first examined whether
the V or W proteins could multimerize by themselves or When extracts of transfected cells expressing either
Pwt(1-568) or P1-538 were centrifuged, P was found to sedi-form mixed multimers with P. We found that anti-HA could
not coselect untagged forms of V or W when they were ment as a relatively homogenous band of ca. 5.6S, just
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FIG. 4. Mapping of the SeV P protein trimerization site. A series of deleted P proteins (and the V and W proteins) were each coexpressed in their HA-
tagged and untagged forms (lanes c in B and C), as well as expressed separately (lanes p and p/ (HAP), in C) and their extracts combined (lanes s, in
B). The P protein levels in the transfected cell extracts were determined by immunoblotting with anti-P 1.180 (C). The coexpressed (lanes c) and separately
expressed/combined extracts (lanes s) were reacted with anti-HA, the immunoselected proteins were separated by SDS–PAGE, and their relative amounts
determined by immunoblotting with anti-P (B). Only a selected sample of the mutants tested (A) are shown in B and C.
ahead of BSA (4.3S, 68 kDa (Tanford, 1961)), which was ents. PDA1 continued to form oligomers by this test, as
most of the protein is found in two discrete bands withincosedimented as a marker (Fig. 5, top). PD344-411, in con-
trast, sedimented at ca. 2.2S, and this considerably the gradient (not shown). Neither of these bands, how-
ever, appear to be trimers and their specific oligomerslower rate is consistent with its inability to multimerize
when examined by immune coselection. As the PD344-411 state is unclear. PDA2, in contrast, sediments within the
gradient exclusively as a monomer (like PDA), but we alsomonomer would have a molecular mass of ca. 54 kDa
these results also indicate that P is likely to have a more found that almost half of the sample had now formed
larger aggregates which pellet. These results suggestextended structure (a higher frictional ratio) than the very
globular BSA. This is consistent with both its very modu- that region A2 is essential for oligomerization as, without
it, only monomers and large aggregates are present.lar nature and its aberrantly slow migration in SDS –
PAGE. The horizontal arrows in Fig. 5 indicate a small These aggregates presumably account for the apparent
multimerization of PDA2 as judged by immune coselec-amount of Pwt and P1-538 (but not PD344-411) trimer which
continues to migrate just above the 240-kDa L protein tion. Region A1, on the other hand, appears to be im-
portant in determining the trimer state of the oligomer(not shown) during SDS –PAGE, and this relative resis-
tance to SDS disaggregation may be due to its highly as, without it, other oligomers appear to predominate,
and these, of course, would also explain the immuneextended and negatively charged structure. We also note
that there is very little (if any) P protein near the top of coselection.
the gradient, and therefore that almost all the expressed
P is found as an oligomer. Trimerization via coiled coils
As deletions of regions A1 or A2 individually do not
eliminate multimerization as determined by immune co- Trimerization appears to be a general property of
the Paramyxovirinae, and the entire virus subfamily wasselection, this property was further investigated by exam-
ining the sedimentation of PDA1 and PDA2 in glycerol gradi- thus examined for predicted secondary structure. The
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Swissprot data base contains the P protein sequences
of 4 parainfluenzaviruses (SeV, hPIV1, hPIV3, and bPIV3),
4 morbilliviruses (canine and phocine distemper virus,
measles, and rinderpest), and 5 rubulaviruses (hPIV2,
hPIV4, NDV, SV5, and mumps). As all 13 sequences are
70% identical to each other, they were first aligned by
a modified BLAST protocol in MACAW (Schuler et al.,
1991). Sequences within each genus could be aligned
fairly easily, but little similarity above a significance cutoff
of 1005 (the Poisson probability of encountering a similar-
ity of this magnitude by chance) could be found between
genera. In the end, however, it was possible to align the
entire subfamily in two regions, corresponding to regions
A2 and C of SeV (Figs. 6B and 6C).
Alignments for each genus were then submitted for
secondary structure prediction to the Heidelberg PHD
server (Rost and Sander, 1993). Surprisingly, the proteins
had little predicted secondary structure, and the only
conspicuous regions were those at the C-terminus which
could be aligned (at least in part) throughout the entire
subfamily. The most C-terminal domain (region C of SeV,
which is important in P binding to NP:RNA) is likely to be
a bundle of three a-helices, and the pattern of conserved
hydrophobic positions is clearly very similar here in the
three genera (Fig. 6C). The other structured region (corre-
sponding to region A2 of SeV, which is essential for
trimerization) is also mostly a-helical and ends in a pre-
dicted b-strand. Here a gap of one residue must be intro-
duced into the morbilli and rubulavirus sequences in or-
der to align their hydrophobic pattern with that of the
parainfluenza virus sequences (Fig. 6C). Most importan-
FIG. 5. Glycerol gradient sedimentation of P proteins. HA-tagged
tly, however, this region is predicted to form a coiled coilforms of Pwt(1-568), P1-538 (which forms trimers as determined by im-
in all three genera (Figs. 6A and 6B) by a modified versionmune coselection), and PD344-411 (which does not form trimers by this
test), were expressed by transfection, and extracts of these cells of a coiled-coil prediction program (Lupas et al., 1991).
(100 ml) were centrifuged on 5 – 20% glycerol gradients as described The potential coiled coils were then analyzed using a
under Materials and Methods; 25 ml of each fraction was analyzed scoring chart derived from the sequences of the coiled-
by Western blotting with anti-HA. The fraction of the Pwt and P1-538
coil segments in myosins, tropomyosins, intermediatetrimer which resists SDS disaggregation is indicated by the arrows
filaments, kinesins, and desmosomal proteins (imple-on the left. The relative amounts of the P proteins in each fraction
were determined by densitometry and are plotted below. Sedimenta- mented in COILS2), and potential helical N- and C-caps
tion was from right to left. The position of BSA, sedimented on a were determined using the frequencies of Richardson
parallel gradient, is marked by an arrow.
and Richardson (1988). The potential N- and C-caps most
FIG. 6. Computer predictions of the Paramyxovirus P proteins. (A) Coiled coil-forming potential of SeV (RRPP_SENDZ) and mumps virus
(RRPP_MUMPE) P proteins. The graphs show the probability of coiled-coil formation as a function of residue number, as determined by COILS2
with a 28-residue scanning window (see Materials and Methods). The central panel is an enlargement of residues 330–460 of the SeV sequence
and shows the location of regions A1 and A2 (open boxes), as well as the extent of the consensus coiled-coil prediction for PIV1, bPIV3, hPIV3,
and SeV P proteins (solid line; the region of uncertain prediction at the C-terminal end is marked by a dotted line). (B) Schematic alignment of
parainfluenza (SeV, hPIV1, bPIV3, and hPIV3), morbilli (canine and phocine distemper virus, rinderpest, and measles), and rubullavirus (NDV, hPIV4,
mumps, hPIV2, and SV5) P protein sequences. The sequences are denoted by their entry names in Swissprot. The alignment was made in MACAW
(Schuler et al., 1991). Segments that could be aligned within each genus are shown in larger boxes while segments that could be aligned between
genera are enclosed in rectangles. Predicted coiled-coil segments (50% probability with a 28-residue window) are shaded gray. The L-binding
region of the SeV P protein is marked by a black box. (C) Alignment of the C-terminal region of parainfluenza-, morbilli-, and rubulavirus P proteins.
The alignment and sequences are as in B. Hydrophobic residues present in at least 10 of the 13 sequences are shown in reverse type. The
predicted consensus secondary structure for each genus is shown above the sequences (H, a-helix; S, b-strand), as are the predicted coiled-coil
segments. For these, the hydrophobic core residues are marked A and D (or a and d in the regions of uncertain prediction) and the most likely N-
and C-cap residues are marked N and C. The break in the heptad frame seen in morbilli- and rubullavirus sequences is marked by a /. The stutter
at the C-terminal end of the coiled coil in parainfluenzavirus sequences (marked DA) is expected to correspond structurally to the stutters seen in
influenza hemagglutinin pH4 (Bullough et al., 1994).
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compatible with the coiled coil prediction are shown in
Fig. 6C. For SeV, the coiled coil starts at (or around)
Ser381 and extends at least to Gln414. There are lower
scores toward the C-terminal end of the coil and these
are presumably due to a stutter (omission of three resi-
dues in the heptad repeat that serves to reduce the de-
gree of supercoiling (Lupas et al., 1995)). The stutter is
ill defined, but probably occurs at Phe410. The coiled coil
may actually extend further than Gln414 as the 27 structure
may be helical beyond this point, and the elevated coiled-
coil scores in PIV3 continue to ca. Asn424. It is not unusual
for the ends of coiled coils to be somewhat ill defined;
almost 10 residues at the C-terminal end of the long
coiled-coil helix of the pH4 form of influenza virus hemag-
glutinin are not predicted by these methods (Bullough et
al., 1994).
Unlike the parainfluenzaviruses where the coiled coil
is predicted to be made up of one long helix, the morbilli
and rubulavirus coiled coils appear to be composed of
two parts; the cluster of hydrophobic residues in the
center of the segment probably represents a clear (non-
helical) discontinuity, and not just a break in the heptad
frame (Fig. 6C). The second helix appears shorter and
less well defined, and its C-terminal end shows an uncer-
tainty in the same range as in the parainfluenzaviruses.
However, since it was possible to align at least part of
the sequences in this area in all three genera, and since
the hydrophobic pattern shows the 3–4 repeat clearly
also in the second helix beyond the first possible C-cap,
it is possible that all three genera will have a coiled coil
that extends to what corresponds to Asn424 of SeV (Fig.
6C). We also note that region A1 of SeV is predicted to FIG. 7. The predicted coiled coil of the MeV P protein is sufficient
for oligomerization. HA-tagged forms of the Xenopus laevis La proteinbe largely helical but without the potential to form a
(which does not oligomerize as determined by immune coselection),coiled coil, and, moreover, it appears to be absent in the
and the HALA-MeV chimera, containing aa 291–380 of the MeV P proteinmorbilli and rubulavirus proteins. linked to aa 415 of HALA (Materials and Methods), were expressed by
transfection, and extracts of these cells (100 ml) were centrifuged on
5–20% glycerol gradients as described under Materials and Methods;The predicted MeV coiled coil appears to be
15 ml of each fraction was analyzed by Western blotting with anti-HA.sufficient for oligomerization
The relative amounts of the HA-tagged proteins in each fraction were
determined by densitometry and are plotted below.We wished to determine whether the coiled-coil do-
main of the paramyxovirus P protein was sufficient for
oligomerization by grafting this domain onto a mono- The La protein of X. laevis (Scherly et al., 1993) was
chosen as the monomeric reporter because the HA-meric, but otherwise irrelevant, protein. The deletion
analysis using restriction sites (Fig. 4) defined aa 344- tagged and untagged forms had already been con-
structed in pGEM plasmids, and La had been found to be411, and in particular aa 379–411, of the SeV protein as
essential for this task. Computer analysis of the P gene monomeric by the anti-tag coselection test (not shown).
Residues (291–380) of the MeV P protein were fused tofamily, however, indicated that the a-helix of the SeV
domain began at Ser381 and was capped at its C-terminal aa 415 of the 427 aa long HA-tagged La protein (Fig. 7),
and the HALa-MeV chimera was found to be stable whenend by either Gln414 or Asn424 (Fig. 6C). In either case,
the helicity of a SeV domain which ended prematurely expressed as before by transfection in vTF7-3-infected
HeLa cells. When cell extracts containing the HALa-MeVat aa 411 might then be unstable when placed in a heter-
ologous context. The measles virus (MeV) P gene, on chimera and the HALa proteins were sedimented on glyc-
erol gradients, HALa (51 kDa) was found to barely enterthe other hand, contains convenient KpnI and BamHI
sites spanning aa 291– 380 and this includes both the the gradient, sedimenting in fractions 8 and 9 (Fig. 7).
HALa-MeV (56 kDa), on the other hand, sedimented as apredicted N (Tyr308) and C-terminal caps (Ile370) of the
predicted a-helix. homogeneous band to the middle of the gradient (frac-
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tions 5 and 6), consistent with the formation of an oligo- of interest to examine in further experiments in what way
the paramyxovirus P protein function could be deter-mer. The predicted coiled-coil region of the MeV protein
thus appears to be sufficient for oligomerization and to mined by its trimer state.
The paramyxovirus P protein acts together with L toform a separate domain of the P protein.
synthesize RNA from the NP:RNA template. SeV tem-
plates are associated with ca. six P monomers/L protein,DISCUSSION
similar to the ratio of P and L proteins found in rhabdoviri-
ons (Thomas et al., 1985) and that required for optimumMultimerization of the SeV P protein was first noted
by Markwell and Fox (1980), who examined the virion VSV mRNA synthesis in vitro (Canter et al., 1993; De
and Banerjee, 1985). The active polymerase may then beproteins by two-dimensional SDS–PAGE. As ca. one-
third of the P protein migrated as a band with an apparent composed of one or two P trimers per L monomer, but
this remains to be determined. The NP subunits of theMr of 240 kDa in the first dimension run under nonreduc-
ing conditions, they concluded that ca. one-third of the template are themselves composed of an N-terminal
globular body, which contains all the information to main-protein was present as a disulfide-linked homotrimer.
This was before the realization that the cytoplasm was tain the helical nucleocapsid structure (Compans et al.,
1972; Heggeness et al., 1981) and which by itself is activea highly reducing environment (Hwang et al., 1992), and
it is possible that these disulfides were formed extracel- in assembling the nascent chain during genome synthe-
sis (Curran et al., 1993). The C-terminal tail of NP, on thelularly, e.g., on virion solubilization. The trimerization we
have observed by immune coselection and glycerol gra- other hand, is hypersensitive to trypsin digestion and
hypervariable in sequence. There is good evidence thatdient sedimentation, in contrast, is insensitive to 1 mM
DTT or 1% b-mercaptoethanol, but is sensitive to 0.1% P, and specifically the predicted triple helical bundle in
segment C, binds to NP:RNA at the C-terminal tail of NP.SDS (not shown). Region A (aa 344–411), which is critical
for oligomerization, moreover, contains only a single cys- Nucleocapsids composed of tailless NP cannot bind P
(Buchholz et al., 1994) and antibodies which react withteine, which is insufficient for trimer formation via disul-
fides. On the other hand, the finding that all but one of the tail of NP release P from holo-nucleocapsids (Ryan
et al., 1993). Nucleocapsids composed of tailless NP arethe 13 P protein sequences present in Swissprot are
predicted to form coiled coils in the first of the two re- also inactive as templates for RNA synthesis (Curran et
al., 1993). The close interaction of P and the NP:RNAgions which can be aligned throughout the entire virus
subfamily (and which corresponds to SeV region A2) template is thus probably central to RNA synthesis. The
NP:RNA is generally seen in the EM (in normal salt con-strongly suggests that the paramyxovirus P proteins tri-
merize via coiled coils. The one exception, Newcastle centrations) as a relatively tight helical ribbon with a
pitch of 5.3 or 6.8 nm, but also exists in a very extendeddisease virus of birds, is also the only nonmammalian
paramyxovirus. In addition, we have been able to effi- conformation with a pitch of 37.5 nm (Egelman et al.,
1989; Wah Chiu, Baylor, TX, unpublished). Assuming thatciently oligomerize the normally monomeric La protein
by simply grafting the predicted coiled-coil domain of the the genomic RNA is present near the inside surface of
the helical nucleocapsid ribbon as it is in tobacco mosaicMeV P protein onto its C-terminus.
Coiled coils can form dimers, trimers, or tetramers virus (Namba et al., 1989), the transition between these
discrete pitch states may be necessary to open the helixdepending on the particular packing of hydrophobic side
chains at the helix interface (Harbury et al., 1994). A great so that the polymerase can read the bases (Egelman et
al., 1989; Lamb and Kolakofsky, 1996). These transitionsnumber of eukaryotic transcription factors which bind to
DNA sequences with dyad symmetry are known to homo- would require structural changes in the NP subunits,
and/or their association with neighboring subunits, andand heterodimerize via ‘‘leucine zippers’’ (coiled coils in
which leucine is often present at position d). Coiled-coil would presumably be induced by the polymerase as it
traverses its template. It is tempting to speculate that thetrimers are less numerous and include the influenza virus
HA (Wilson et al., 1981; Bullough et al., 1994), the reovirus interaction of the P trimer with the NP:RNA is responsible
for these changes in template conformation, but this toocell attachment protein s1 (Leone et al., 1992), the
clathrin triskelion (Na¨thke et al., 1992), and the heat- remains to be determined.
Finally, the VSV P protein has recently been describedshock transcription factor (HSF, Peteranderl and Nelson,
1992). In each of these cases, the quaternary structure as a homo-tetramer (Gao and Lenard, 1995); however,
given the protein’s unusual hydrodynamic properties, itof the protein is thought to be essential for its function.
HSF, for example, binds as a trimer to a minimum of could also be a homo-trimer (J. Lenard, personal commu-
nication). This oligomerization, moreover, is dependentthree degenerate pentanucleotide (nGAAn) elements in
the upstream region of heat shock genes (present in on the phosphorylation of one of two residues near the
N-terminus (Ser60 and Thr62), or their substitution by Asp.alternating orientations so as to place the repeating ele-
ment on the same side of the DNA double helix), to The sequences (other than these two sites) that are im-
portant for oligomerization have not yet been mapped,induce their expression (Morimoto, 1993). It will thus be
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The Sendai virus nucleocapsid exists in at least four different helicalbut computer examination of the five rhabdovirus P pro-
states. J. Virol. 63, 2233–2243.teins available [VSV(Ind), VSV(NJ), and Rabies, Chandi-
Field, J., Nikawa, J.-I., Broeck, D., MacDonald, B., Rodgers, L., Wilson,pura, and Piry viruses] indicates that all but the Piry virus I. A., Lerner, R. A., and Wigler, M. (1988). Purification of a RAS-
protein are predicted to contain a helix of ca. 30 residues responsive adenylyl cyclase complex from Saccharomyces cerevis-
near their very N-termini with an elevated coiled-coil po- iae by use of an epitope addition method. Mol. Cell. Biol. 8, 2159–
2165.tential, but of clearly lower significance than that found
Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryoticin the paramyxovirus A2 region. Given that this limited
transient-expression system based on recombinant vaccinia viruscoiling potential is maintained for these four viruses in
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad.
a region that otherwise bears little or no conservation, Sci. USA 83, 8122–8126.
these N-terminal helices are good candidates for the Gao, Y., and Lenard, J. (1995). Multimerization and transcriptional acti-
vation of the phosphoprotein (P) of vesicular stomatitis virus by ca-oligomerization regions.
sein kinase-II. EMBO J. 14, 1240–1247.
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